Effect of gamma irradiation on optical absorption of nuclear track detectors like CR-39 was studied in different absorbed doses using ultraviolet-visible (UV-VIS) spectroscopy. The existence of the peaks, their shifting and broadening as a result of gamma irradiation has been discussed. The width of the tail of localized states in the band gap (E u ) was evaluated using the Urbach edge method. Finally the indirect and direct band gap in pristine and gamma irradiated CR-39 have been determined. The values of indirectly band gap have been found to be lower than the corresponding values of direct band gap. A decrease in the optical energy gap with increasing the gamma absorbed dose can be discussed on the basis of gamma-irradiation-induced defects in the CR-39. The correlation between optical band gap and the number of carbon atoms in a cluster with modified Tauc's equation has been discussed in case of CR-39.
INTRODUCTION
The importance of polymers has increased very rapidly during the last few decades because of their low cost, easy processability, low weight, high quality surfaces and easy fabrication of thick and thin samples, etc. One of the most important polymers is CR-39, which is used in different applications. These applications include up-to-date studies in nuclear and fission physics; alpha, neutron, and charged-particle radiography; cosmic ray studies and astrophysics; porosity and microfilters; alpha-and neutron-dosimetry; uranium prospection and radon-emanation measurements; radiological protection and monitoring; radiobiology and nuclear medicine measurements made on meteorites, lunar samples, in stratospheric balloons and from space vehicles, as well as search for superheavy elements. When a polymeric nuclear track detector, CR-39, is exposed to high intensity gamma radiations, induces modifications in their structural, physical and chemical properties (1) . The changes in these properties after exposure to high energy radiation have been evaluated by many techniques. The effect of gamma radiation on the physical and chemical properties of polymers has been reported (2, 3) . At the same time knowledge of this effect may offer the prospects for measuring gamma dose.
It is already an established fact that interaction of radiation with polymers leads to chain scission, chain aggregation, formation of double bonds and molecular emission. As a consequence of this, the physico-chemical properties like optical, electrical, mechanical, chemical and track properties of the polymer are modified (4−12) . The effectiveness of these changes produced depends upon the structure of the polymer and the experimental conditions of irradiation like energy and fluence. The study of these changes may enhance their applications in different fields, e.g. for the evolution of high radiation doses (13, 14) . * Electronic address: moha1016@yahoo.com Clusters are small nano-size particles containing fewer than 10 4 atoms or molecules. Such clusters are known to be formed along latent tracks of energetic ions in polymers (15−17) . Overlapping tracks formed by irradiation with low-energy light particles are known to produce giant clusters with sizes exceeding 100 nm. These clusters are supposed to be carriers of electrical conductivity in ion irradiated polymers and influence the optical properties of such materials (18) . Several experimental approaches exist to study the clusters. Among these are: small angle X-ray scattering (SAXS), transmission electron microscopy, scanning tunneling microscopy, scanning probe microscopy, magnetic force microscopy, atomic force microscopy and UV-visible spectrometry. UV-visible spectroscopy is sensitive to the optically active cluster region i.e., visible cluster size. The formation of these carbonaceous clusters can be studied from the absorption edge of ultravioletvisible (UV-VIS) spectra of irradiated polymers. UV-VIS spectroscopy gives an idea about the value of optical band gap (E g ) with Tauc's expression (19) .
In the present work we have chosen an important plastic CR-39, which it is made from allyl diglycol carbonate monomer appears to have the following properties; are colorless and completely transparent to the visible light and almost completely opaque in infrared and ultraviolet region of the spectrum. For these reasons, it is largely used for the production of sun glass lenses. They can be colored by surface dyeing or bulk tinting; being highly isotropic and homogenous; have high abrasion resistance and high-quality optical properties; keep their excellent optical properties despite long-term exposure to chemicals like solvents; highly oxidizing acids, and strong basis and resist to heat distortion up to 100˚C. This plastic is made by polymerization of the oxydi-2, 1-ethanediyl, di-2-propenyl ester of carbonic acid. The monomer is an allyl resin containing the following functional group:
The monomer itself contains two of these functional groups and has the following structure:
The branching point in this net is the tertiary carbon in the polyallyl chain (20) . Out of three links originating from this point two form the polyallyl chain and one consists of diethyleneglycol dicarbonate.
Because of the presence of the two allyl functional groups, the monomer can not only polymerize but also cross-link which results in a thermoset plastic characterized by being hard, infusible and insoluble in all solvents. In addition, CR-39 homopolymer is a high-grade optical plastic whose index of refraction is just slightly less than that of crown glass.
The monomer is polymerized by adding a few percent of the catalyst di-isopropyl peroxy dicarbonate (IPP) to the monomer, and then heating. In general the chemical formula for CR-39 may be written as (C 12 H 18 O 7 ) n , where H content is 6.6 % wt, C content is 52.6 % wt and O content is 40.8 % wt.
Many other trials were made to study the effect of gamma radiations on the UV-VIS spectra of polymers (using chemical etching) however in a different context. Singh and Prasher (13) have quoted decrease in band gap with increase in gamma dose without mentioning whether the band gap was direct or indirect. Saad et al. (21) have indicated qualitatively the decrease in the band gap with increasing gamma dose with maximum up to 400 kGy. El-Shahawy (22) has reported the slight decrease in direct band gap with increase in gamma dose up to a maximum of 100 kGy. Tanu Sharma et al. (23) studied the effect of gamma dose (maximum up to 800 kGy) on the absorption and band gap of CR-39 polymer by using UV-VIS spectrophotometery.
In the present work, we report the effect of gamma radiations on the UV-VIS spectra of CR-39 plastic track detector as the spectroscopic studies. Also we investigated the behaviours of band gap and Urbach energy with increasing gamma dose. The simultaneous existence of indirect and direct band gap in CR-39 polymer and the number of carbon atoms (N) in a cluster are also reported.
EXPERIMENTAL PROCEDURE
CR-39 samples of thickness 500 µm, type TASTRAK (Track Analysis System Ltd., UK) (composition C 12 H 18 O 7 , molecular weight 274 a.m.u., density 1.32 g/cm 3 ), were irradiated with different gamma doses using 60 Co source of 7.5 kGy/h dose rate at Atomic Energy Authority, Cairo, Egypt.
The
The nature of the optical modifications of the pristine and gamma irradiated CR-39 polymer samples were subjected to spectral studies in the Ultraviolet and Visible region. These studies were carried out by using TECHCOMP Double beam Double monochromator UV-Visible Spectrophotometer (UV-VIS 8500) in the wavelength range of 190-1100 nm having resolution of 0.1 nm. All the spectra were recorded by mounting the samples in the Integrating Sphere Assembly attached with the Spectrophotometer, keeping air as the reference.
RESULTS AND DISCUSSION
The optical absorption spectra of pristine and gamma irradiated CR-39 samples were recorded using UV-Visible spectrophotometer in the wavelength range, 190-1100 nm at room temperature. From these spectra, displayed in Fig. 1 , it is clear that a shift of absorption edge towards longer wavelength with increasing gamma absorbed dose can be readily observed. The absorption peak with increasing dose is seen to change into a broad one. This behavior is generally interpreted as caused by the formation of extended systems of conjugate bonds i.e. possible formation of carbon clusters. The absorption bands in the investigated range of wavelength are associated to the π − π* electronic transitions. This type of transitions occurs in the unsaturated centers of the molecules i.e. in compounds containing double or triple bonds and also in aromatics. The excitation of π electron requires smaller energy and hence, transition of this type occurs at longer wavelengths. The optical absorption coefficient (α) was calculated from the absorbance, (A). After correction for reflection losses, α may be obtained using the following equation (26) : 
where l is the sample thickness in cm and A is defined by A = log (I o /I) where I o and I are the intensity of the incident and transmitted beams, respectively. The absorption coefficient near the band edge for non-crystalline materials shows an exponential dependence on the photon energy (hv) which follows the Urbach formula (27) :
where α o is a constant, E u is an energy which is interpreted as the width of the tail of localized states in the forbidden band gap,v is the frequency of radiation and his Planck's constant. The origin of E u is considered as thermal vibrations in the lattice (28) . The logarithm of the absorption coefficient α(v) was plotted as a function of the photon energy (hv) for CR-39 irradiated with different doses of gamma as in Fig. 2 . The values of the Urbach energy (E u ) were calculated by taking the reciprocal of the slopes of the linear portion in the lower photon energy region of these curves and listed in Table 1 . The decrease in the Urbach's energy in case of CR-39 may be due to the decrease in the crystalline nature of the polymer. The above relation was first proposed by Urbach (27) to describe the absorption edge in alkali halide crystals. Also, this relation has been found to hold for many amorphous materials. Eq. (2) has been modified to a more general form by Davis and Mott (29) .
where hv is the energy of the incident photons, E g is the value of the optical energy gap between the valence band and the conduction band, and n is the power, which characterizes the electronic transition, whether it is direct or indirect during the absorption process in the K-space. Specially, n is 1/2, 3/2, 2 and 3 for direct allowed, direct forbidden, indirect allowed and indirect forbidden transitions, respectively. The factor B depends on the transition probability and can be assumed to be constant within the optical frequency range. The usual method for the determination of the value of E g involves plotting (αhv) 1/n against (hv). Indirect transitions in many amorphous materials fit the case for n = 2; for a direct transition a reasonable fit with n = l/2 is achieved. In the present study the most satisfactory results were obtained by plotting (αhv) 1/2 and (αhv) 2 as a function of photon energy (hv) respectively, taking into account the linear portion of the fundamental absorption edge of the UV-Visible spectra (shown in Fig. 1 ). Such plots have been presented in Figs. 3 and 4, respectively. From extrapolating the straight parts of these relations to the hv axis, indirect and direct band gaps have been determined for pristine and gamma irradiated (different doses) CR-39 polymer and these different transition energies are displayed in Fig. 5 and depicted in Table 1 . This, in turn, clearly indicates the simultaneous existence of indirect and direct band gap in CR-39 polymer with decreasing tendency at higher gamma dose. This result confirms that the irradiation produces faults in CR-39 polymer structure (band rupture, free radical, etc.) which increases the electronic disorder inducing the creation of a permit state in the forbidden (interdict) band or the deformation of the valence band. Furthermore, the values of indirect band gap have been found to be lower than the corresponding values for the direct band gap as shown in Fig. 5 . The simultaneous existence of indirect as well as direct band gap in CR-39 polymer has rarely been reported (23) , although such a coexistence of direct and indirect band gap have been observed in some other materials (24,25,30−34) .
Pristine CR-39 is transparent and has very little absorption. Upon irradiation, the colorless surface became light brown as the gamma dose gradually increased (22) . For a linear structure, the number of carbon atoms per conjugation length N is given by (6) :
Here 2β gives the band structure energy of a pair of adjacent π sites. The value of β is taken to be -2.9 eV as it is associated with π → π * optical transitions in -C = C-structure. As the shift of the absorption edge can be attributed to an increase of the conjugation length without formation of new lengthy linear conjugated structures, Eq. (4) is applied in the present study.
CONCLUSIONS
From this experimental study of pristine and gamma irradiated CR-39, the values of the optical band gap (E g ), and Urbach energy (E u ) were determined from the optical absorption spectra. It is concluded that the values of indirect band gap are lower than the corresponding values of direct band gap in pristine and gamma irradiated CR-39 polymer. And also the band gap (E g ) decreases with increase of gamma absorbed dose, due to the photo-degradation of CR-39 and the formation of defects and clusters in the material, while the cluster size (number of carbon atoms (N) per conjugated length) increases with increase of absorbed dose for both cases.
